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Optically trapped ensembles are of crucial importance for frequency measurements and quantum mem-
ories, but generally suffer from strong dephasing due to inhomogeneous density and light shifts. We
demonstrate a drastic increase of the coherence time to 21 s on the magnetic field insensitive clock transi-
tion of 87Rb by applying the recently discovered spin self-rephasing [1]. This result confirms the general
nature of this new mechanism and thus shows its applicability in atom clocks and quantum memories.
A systematic investigation of all relevant frequency shifts and noise contributions yields a stability of
2.4 × 10−11τ−1/2, where τ is the integration time in seconds. Based on a set of technical improve-
ments, the presented frequency standard is predicted to rival the stability of microwave fountain clocks in
a potentially much more compact setup.
Atomic clocks provide unprecedented precision in the
determination of time. Most prominently, the SI second is
experimentally determined by measuring the 133Cs hyper-
fine transition with microwave atomic fountain clocks [2].
The ongoing quest for the best definition of time is cur-
rently led by optical frequency standards [3, 4]. Moreover,
applications ranging from the determination of fundamen-
tal constants to navigation and communication technology
demand more compact frequency standards. In contrast to
microwave fountain clocks, optically trapped atomic en-
sembles [5] promise high stability in compact setups due
to long interrogation times. However, they typically suffer
from a short coherence time.
In addition to frequency measurements, trapped ensem-
bles serve as efficient quantum memories for long-distance
quantum communication [6]. For quantum memories, light
is coupled to spin waves on the hyperfine transition of
alkali atoms. In a series of experiments, deterministic
photons were produced [7], entanglement between pho-
tons and spin waves was created [8, 9], and even proto-
type networks for entanglement distribution were demon-
strated [10, 11]. By employing traps instead of ballistic en-
sembles, the memory lifetime was already extended from
microseconds [7] to milliseconds [12, 13]. Longer coher-
ence times would also be beneficial in this field.
The coherence time is limited by dephasing due to trap-
induced frequency shifts which are necessarily inhomoge-
neous. There have been several attempts to overcome the
influence of these shifts [14]. Optical lattice clocks em-
ploy a dipole trap at a magic wavelength to suppress the
differential light shift (DLS) [15]. Magic wavelengths for
microwave transitions have been predicted for Al and Ga
[16]. However, the microwave transitions in alkali atoms
such as Rb and Cs do not exhibit magic wavelengths [17]
unless traps of particular polarization combined with a spe-
cific magnetic field are employed [18, 19]. There have been
approaches to increase the coherence time by collisional
spectral narrowing [20] or artificial rephasing through a se-
quence of microwave pulses [21]. A further approach is the
use of a magnetic confinement for which the inhomogene-
ity of the Zeeman shift is canceled by the density shift [22].
In such a trap, it was shown that the exchange interaction
can be used to induce spin self-rephasing (SSR) [1]. It
is therefore an important question whether this effect may
also be used for the magnetically insensitive clock states.
In this Letter, we employ spin self-rephasing to extend
the coherence time of optically trapped atoms to 21 sec-
onds. We show that both the inhomogeneity of the DLS and
the inhomogeneity of the density shift can be overcome by
SSR. Within our investigation, we perform Ramsey spec-
troscopy using the magnetically insensitive clock states
of the 87Rb hyperfine transition, a secondary representa-
tion of the second [23]. Thus, we evaluate the applicabil-
ity of SSR for atomic microwave frequency standards and
demonstrate a stability of 2.4×10−11τ−1/2. For a purpose-
built apparatus with standard technical improvements, we
predict a 300-fold stability enhancement, primarily limited
by temperature fluctuations. Thereby our technique en-
ters the stability range of most atomic fountain clocks [2]
in a potentially more compact setup. Our findings prove
the predicted fundamental nature of SSR which is indepen-
dent of the type of trap and the magnetic quantum number.
Thus, its applicability extends to optical lattice clocks as
well as quantum information with atomic ensembles.
The SSR inhibits dephasing and induces characteristic
contrast revivals, mediated by the exchange interaction.
This effect can be understood as follows. Each atom in a
superposition of the two clock states, can be represented
by an effective spin 1/2. The exchange interaction of
two atoms can be described within the singlet/triplet ba-
sis [24, 25]. The atom pair, initially in the triplet state,
dephases by Rabi flopping towards the singlet state. For
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FIG. 1. Population transfer P =N↑/(N↑ + N↓) after a Ramsey sequence as a function of the interrogation time. The mean density
increasing from (a) to (d) is {0.18, 0.36, 0.65, 1.38}×1012 cm−3. Both the increase of the coherence time and the characteristic contrast
revivals due to spin self-rephasing are clearly visible. Further revivals at longer interrogation times are damped out due to a mixing
of trap states. Both conditions for spin self-rephasing are fulfilled: ωex/∆0 increases with density from 4.3 to 23, giving rise to the
observed onset of rephasing, while ωex/(piγc)=4.8 does not depend on density. The solid lines indicate fits according to the numeric
model (see text), closely reproducing the characteristic behavior of the contrast.
bosons (fermions), the interaction energy shifts solely the
triplet (singlet) state due to the symmetry of the spatial
wave function. The shift tunes the states out of resonance
and thereby suppresses the Rabi flopping and hence the de-
phasing. The effect can also be visualized in the Bloch
sphere representation, where the exchange interaction cor-
responds to a rotation of two individual spins around their
sum [26]. In the following, we apply the quantitative model
developed in Ref. [1]. In this approach, the atoms are di-
vided into classes of constant energy and a mean spin for
each class is considered.
Two conditions have to be met for SSR to occur: (i) the
inhomogeneity of the transition frequency, i.e. the dephas-
ing rate, must be smaller than the exchange rate,∆0 < ωex;
(ii) the rate of velocity changing collisions must be smaller
than the exchange rate so that rephasing establishes be-
fore atoms change energy class, γc < ωex/pi. These three
parameters can be predicted for a thermal gas in a har-
monic potential. We use the definition of ∆0, γc and ωex
from [1]. In our case, the dephasing rate∆0 is composed of
two inhomogeneous frequency shifts, the differential light
shift and the density shift in the mean-field approximation:
∆0 = kBT/2~ × δα/α − γn¯/4. Here, δα and α de-
note the differential and the total light shift per intensity,
T is the ensemble temperature, n¯ the mean density and
γ= 4pi~
m
(a↑↑ − a↓↓), where m is the mass and a↑↑, a↓↓ are
the scattering lengths between atoms in the same state.
In a first set of experiments, we explore the onset of SSR
in an optically trapped ensemble. Our experimental appa-
ratus has been described in detail in Ref. [27]. An optical
dipole trap at λ = 1064 nm is provided by two intersect-
ing laser beams with beam waists of 60 and 75 µm, yield-
ing a mean trap frequency of 2pi × 70 Hz. A cloud of
87Rb-atoms is prepared in the state |↓〉= |F =1,mF =0〉
at a temperature of 400(20) nK with a variable mean den-
sity n¯ from 0.18 to 1.38 × 1012 cm−3. The atoms are
held in the trap for a constant hold time of 1.06 s, dur-
ing which Ramsey spectroscopy of the clock transition to
|↑〉 = |F =2,mF =0〉 is performed. The Ramsey se-
quence with a variable interrogation time of 0 − 1 s is
placed at the end within this hold time. The coupling is
realized by two microwave pi/2-pulses of 100 µs duration,
generated by a low phase noise synthesizer [28] locked to
a hydrogen maser. After the Ramsey sequence, the trap
is switched off to allow for ballistic expansion and Stern-
Gerlach separation of the two states. The number of atoms
in both states, N↑ and N↓, is detected by simultaneous ab-
sorption imaging, calibrated according to Ref. [29].
Figure 1 shows the population transfer P =N↑/(N↑ +
N↓) as a function of the interrogation time for four differ-
ent densities. Each subplot shows clear sinusoidal Ramsey
fringes with a period of ≈ 45 ms, in agreement with a mi-
crowave detuning of 15 Hz and residual shifts of −7 Hz
(see below). Throughout this work, the microwave de-
tuning is referenced to the hyperfine frequency at zero
field [30]. For the lowest density, the contrast of the
Ramsey fringes drops within the first 500 ms due to de-
phasing. However, the contrast does not decay completely
within 1 s, as expected for pure dephasing, indicating the
presence of SSR. At higher mean density, a revival of the
contrast emerges and a considerably longer coherence time
is observed. As the density is increased further, the con-
trast revivals appear at earlier times, since the higher ex-
change rate ωex ensures faster rephasing. The contrast does
not recover fully at later times, because the rate of velocity
changing collisions γc abates rephasing by a mixing of trap
states.
The measured contrast is well reproduced by the numer-
ical model of Ref. [1], where ∆0, ωex and γc are used as
free fitting parameters. They agree within 25% with their
prediction if the same correction factors of 1.6 for ∆0 and
0.6 for ωex are included. For the case of highest density
(1.38 × 1012 cm−3) the agreement is within 50%, which
indicates failure of the infinite-range approximation. Note
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FIG. 2. Population transfer P in a Ramsey sequence optimized
for long coherence time (see text). The inset shows clear fringes
for the first 1.5 s. However, they wash out due to frequency noise
after some seconds. Nonetheless the contrast remains well visible
and a 1/e coherence time of 21 s is obtained, which constitutes
a dramatic increase over previous experiments. The solid line
represents a solution of the numeric model.
that the determination of ∆0 necessitates a good knowl-
edge of the DLS and the density shift (see below). The
simple theoretical model provides an excellent understand-
ing of the measurements and allows for an optimization of
the relevant experimental parameters towards a drastic in-
crease of the coherence time.
Improvement of the coherence time requires simultane-
ous optimization of conditions (i) and (ii). While ωex/∆0
can easily be increased with density, ωex/(piγc) can only be
increased by lowering the temperature. The mean trap fre-
quency is therefore reduced to 2pi×51Hz while cooling the
ensemble to a temperature of 100(20) nK at a mean den-
sity of 0.3×1012cm−3. In such an optimized configuration,
ωex/(piγc) is increased to 9.6 while preserving ∆0/ωex at
20.8. Under these conditions, the coherence time is inves-
tigated within an extended hold time of 36.2 s. Figure 2
shows the population transfer P for a variable interroga-
tion time with a microwave detuning of 0 Hz. Although
the fringes are quickly washed out due to the instability of
the absolute frequency, the contrast persists over many sec-
onds. The 1/e coherence time is 21 s and complete loss of
coherence occurs at 26 s. A reduction of the contrast due
to asymmetric atom loss can be neglected since we mea-
sure a 38 s differential lifetime of |↑〉 and |↓〉. The mea-
sured contrast is well reproduced by the numerical model
without parameter fitting. Note that the model reflects the
non-exponential shape of the contrast reduction.
The presented analysis of spin self-rephasing requires
precise knowledge of both the mean field density shift and
the DLS. To determine these values, we perform mea-
surements of the absolute frequency for various atomic
densities in three different trap configurations with mean
trap frequencies of 2pi×{51,70, and 112} Hz. The mea-
FIG. 3. Measurement of the relevant frequency shifts compared
to the zero field transition. Three trap configurations with mean
trap frequencies of 2pi × 51 Hz (green triangles), 2pi × 70 Hz
(blue squares), and 2pi × 112 Hz (red circles) were investigated.
(a) Frequency shift as a function of the mean density (statistical
error bars). The extrapolation to zero density yields a residual
shift, plotted in (b) as a function of the ensemble averaged light
intensity for each trap (estimated uncertainties). The slope of a
linear fit determines the DLS.
sured frequency shifts are presented in Fig. 3(a). All
three configurations show a clear linear dependence on
the mean density. The fitted slopes lie within 10% of
γ/2pi = −0.52 Hz/(1012cm−3) and agree well with the
predicted value of −0.48 Hz/(1012cm−3) [31]. The DLS
can be obtained from an extrapolation of this frequency
shift to zero density. Figure 3(b) shows this value as a
function of the ensemble averaged light intensity. We
find a linear dependence on the intensity with δα/2pi =
−2.2(3) Hz/(kW cm−2), which constitutes the first direct
measurement of the 87Rb clock shift at 1064 nm. This
value confirms a first principle calculation [32] yielding
−2.4 Hz/(kW cm−2). The extrapolation to zero inten-
sity results in a residual shift of 5.2(6) Hz. This value is
in excellent agreement with the quadratic Zeeman shift of
5.2(1) Hz at the magnetic offset field of 95(1) mG which
is determined from the ∆mF =1 transition. The presented
extrapolation procedure will allow for an absolute mea-
surement of the 87Rb clock frequency in an optical trap.
Finally, we present the frequency stability of our mea-
surements and analyze its principal noise contributions.
Thereby, we can infer the potential benefit of long coher-
ence times for a microwave frequency standard using an
optically trapped ensemble in a purpose-built setup. To
determine the noise contributions, the frequency is mea-
sured by Ramsey spectroscopy in a similar configuration
to Fig. 1(d). The interrogation time was set to 350 ms
coinciding with the first contrast revival. The detuning of
−8.4Hz was chosen such that the mean population transfer
is P ≈ 0.5 on the central Ramsey fringe. The population
transfer P was recorded in 215 consecutive measurements
at a cycle time of 28.1 s. The number of measurements
was limited to ≈ 2 hours at night during standstill of the
near-by tram line. Figure 4 shows the overlapping Allan
standard deviation [33] for the frequencies extracted from
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FIG. 4. Stability analysis based on the overlapping Allan standard
deviation. The frequency measurement (full black dots) yields
a stability of 4.6 × 10−12 at one shot, corresponding to 2.4 ×
10−11 at one second. All relevant noise sources are measured
independently (see text) and are shown here as frequency noise.
The periodic modulation in some of the curves reflects the air-
conditioning cycle of 10 minutes.
the population transfer. The data follows a near-white fre-
quency noise behavior of 2.4 × 10−11τ−1/2, equivalent to
4.6× 10−12 at one shot.
For our parameters, the quantum projection noise limit
is 8 × 10−13τ−1/2, showing that our measurements are
limited by technical noise. Seven relevant noise sources
are measured independently and their frequency equiva-
lents are plotted in Figure 4: The maser is not limiting our
measurements as its typical frequency stability shows. The
detection noise is 1% at one shot. Both of these effects
decrease with a higher duty cycle and may be suppressed
substantially by the prolonged interrogation time due to
SSR. The DLS fluctuates if intensity or pointing of the trap-
ping beams change, which were measured as 6×10−5 and
0.3 µm at one shot, respectively. The magnetic field con-
tribution, determined to be 0.1 mG at one shot with an ex-
ternal Hall probe, is significant due to the lack of shielding.
Figure 4 also shows that the mean field density noise and
the DLS noise due to temperature fluctuations are overes-
timated due to their imprecise deduction from absorption
images.
In summary, the effect of SSR was investigated in an op-
tically trapped ensemble of 87Rb. By engineering the spin
self-rephasing, we have demonstrated a coherence time
of 21 s – the longest ensemble coherence time reported
so far. The shifts and noise contributions to a frequency
measurement were studied systematically and a stability of
2.4 × 10−11τ−1/2 was reached. For an optimized setup
including magnetic field shielding, shallower trapping, a
10-fold increase in temperature determination and an in-
crease in duty cycle exploiting the full coherence time, we
predict an achievable stability of 8× 10−14τ−1/2. This ri-
vals the stability range of most atomic fountain clocks [2]
in a potentially much more compact setup. The proven gen-
erality of the giant coherence time due to SSR makes it a
promising candidate for application in optical lattice clocks
and ensemble-based quantum information.
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